Extremely high temperatures represent one of the most severe abiotic stresses limiting crop productivity. However, understanding crop responses to heat stress is still limited considering the increases in both the frequency and severity of heat wave events under climate change. This limited understanding is partly due to the lack of studies or tools for the timely and accurate monitoring of crop responses to extreme heat over broad spatial scales. In this work, we use novel spaceborne data of suninduced chlorophyll fluorescence (SIF), which is a new proxy for photosynthetic activity, along with traditional vegetation indices (Normalized Difference Vegetation Index NDVI and Enhanced Vegetation Index EVI) to investigate the impacts of heat stress on winter wheat in northwestern India, one of the world's major wheat production areas. In 2010, an abrupt rise in temperature that began in March adversely affected the productivity of wheat and caused yield losses of 6% compared to previous year. The yield predicted by satellite observations of SIF decreased by approximately 13.9%, compared to the 1.2% and 0.4% changes in NDVI and EVI, respectively. During early stage of this heat wave event in early March 2010, the SIF observations showed a significant reduction and earlier response, while NDVI and EVI showed no changes and could not capture the heat stress until late March.
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The spatial patterns of SIF anomalies closely tracked the temporal evolution of the heat stress over the study area. Furthermore, our results show that SIF can provide large-scale, physiology-related wheat stress response as indicated by the larger reduction in fluorescence yield (SIF yield ) than fraction of photosynthetically active radiation during the grain-filling phase, which may have eventually led to the reduction in wheat yield in 2010. This study implies that satellite observations of SIF have great potential to detect heat stress conditions in wheat in a timely manner and assess their impacts on wheat yields at large scales.
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| INTRODUCTION
Wheat is the third largest crop in the world with production at 735 million metric tons (MMT) in 2017-2018 and plays an essential role in global food security (Bryant-Erdmann, 2017) . There is extensive evidence that both the mean and variability of temperature have increased globally over the past several decades, including the major wheat-producing regions (Hennessy et al., 2008) ; this trend will continue and may be reinforced (Field, 2012) . Especially in India, the temperatures are predicted to increase by 2 to 4°C by 2050 (IPCC 2014; Rohini, Rajeevan, & Srivastava, 2016) . When wheat experiences extremely high temperatures, in particular during the key growing stages such as grain-filling, severe cellular injury and cell death will occur within minutes, which will result in a decline in the yield (Sch€ offl, Prandl, & Reindl, 1999) .
It is essential to understand the mechanisms of high-temperature impacts on wheat yields and monitor its influence across space and time. Crop simulation models are generally used to investigate such influences, because they can simulate several important crop physiological processes under various climatic variations (Asseng et al., 2013; Challinor, Wheeler, Slingo, Craufurd, & Grimes, 2005; Koehler, Challinor, Hawkins, & Asseng, 2013) . Many models have considered the effects of temperature on crop development and grain-filling rates. However, these models may not accurately account for extreme temperatures well (White, 2003) . For example, the Agricultural Production Systems Simulator (APSIM) model considers the impacts of high temperatures greater than 34°C on the acceleration of crop senescence (Asseng, Foster, & Turner, 2011) . However, the APSIM model still overestimated length of the wheat growing season in warming temperatures and resulted in the underestimation of wheat yield losses due to the 2010 heat stress in the Indo-Gangetic Plains (IGP) of India (Lobell, Sibley, & Ivan Ortiz-Monasterio, 2012 ).
Satellite observations of vegetation status provide a unique opportunity to quantify the impacts of high temperatures on crops.
Traditional vegetation indices such as the Normalized Difference
Vegetation Index (NDVI) and Enhanced Vegetation Index (EVI) are generally used to evaluate crop conditions (Verhulst et al., 2011) , and predict crops yield (Labus, Nielsen, Lawrence, Engel, & Long, 2002; Quarmby, Milnes, Hindle, & Silleos, 1993) . Some vegetation indices (VIs) such as the photochemical reflectance index (PRI) that captures the xanthophyll cycle link the status of the epoxidation of xanthophyll pigments and monitor the changes in plant pigments due to changes in photosynthetic light use efficiency (Barton & North, 2001; Gamon, Penuelas, & Field, 1992; Gamon, Serrano, & Surfus, 1997; Gamon et al., 1990; Magney, Vierling, Eitel, Huggins, & Garrity, 2016) . However, VIs may not be able to detect the rapid changes in the photosynthetic functioning of vegetation induced by climate stress such as heat stress. (Dobrowski, Pushnik, ZarcoTejada, & Ustin, 2005) .
Recent satellite observations of sun-induced chlorophyll fluorescence (SIF) provide novel measurements to monitor crop growth conditions and stress responses, which may complement existing VIs. When photosynthetically active radiation (PAR) is absorbed by a leaf, it can undergo one of three pathways: drive photochemical reactions, lost through regulated non-photochemical quenching (NPQ) or remitted at longer wavelengths as fluorescence (Baker, 2008) . SIF contains information about the biochemical, physiological, and metabolic functions of a plant and the amount of absorbed PAR (APAR) (Porcar-Castell et al., 2014) . Many leaf-level studies have demonstrated that chlorophyll fluorescence has a direct relationship with the actual photosynthesis in plants and can respond rapidly when plants are under environmental stress (Chappelle, Wood, McMurtrey, & Newcomb, 1984; Chappelle, Wood, Newcomb, & McMurtrey, 1985; Moya et al., 2004) . Global SIF products have been recently retrieved from several spaceborne instruments such as SCIAMACHY (Joiner et al., 2012) , GOME-2 (Joiner et al., 2013; K€ ohler, Guanter, & Frankenberg, 2015a; K€ ohler, Guanter, & Joiner, 2015b) , GOSAT (K€ ohler et al. 2015a GOSAT (K€ ohler et al. , 2015b Guanter et al., 2012; Frankenberg et al., 2011) , and OCO-2 (Frankenberg et al., 2014) .
These satellite SIF products make it possible to study vegetation photosynthetic activities at large scales. Many studies have demonstrated that satellite SIF is more sensitive to the photosynthetic rates of plants than other remotely sensed vegetation parameters Zhang et al., 2014) and it is highly correlated with the gross primary production (GPP) of crops (Sun et al., 2017; Verma et al., 2017; Wagle, Zhang, Jin, & Xiao, 2015) . In terms of plant stress responses, spaceborne SIF has also been proved to have high sensitivity to water stress, heat stress, and drought monitoring (Guan et al., 2016; Lee et al., 2013; Sun et al., 2015; Yoshida et al., 2015) .
We hypothesize that SIF is more sensitive to heat stress events for crops than traditional VIs because it has a physiological link to photosynthesis. To test this hypothesis, we conduct a study in the wheat growing region in the IGP of India. Our study area includes the wheat growing regions in Punjab, Haryana, and Uttar Pradesh in the IGP of India. In India, wheat is grown over an area of approximately 30 million ha, which is primarily concentrated in the PunjabHaryana belt, thus IGP has been regarded as the bread basket of India (Swaminathan & Bhavani, 2013) . In 2010, during the wheat grain filling and harvesting stages (March and April), an abrupt rise in temperature in this region caused a significant decline in the wheat yield (Gupta et al., 2010) . Thanks to the development of irrigation infrastructure, more than 90% of wheat was irrigated and received normal precipitation (Duncan, Dash, & Atkinson, 2015) . Hence, water conditions are not the limiting factors for wheat yield (Erenstein, 2009; Gupta & Seth, 2007) . The previously described situations make the 2010 heat stress in the IGP wheat belt as an ideal case to use satellite SIF to study the influence of heat stress on winter wheat.
In this work, we will explore the potential of utilizing satellite observations of SIF to assess the impacts of heat stress on winter wheat in the IGP of India, with a special focus on the 2010 heat wave event. Specifically we aim to address the following questions:
| MATERIALS AND METHODS

| Study area
The study area is located in northwest India in the IGP (Figure 1 ).
The soils of the study area generally have moderate water-holding capacities, are highly fertile and are underlain by extensive aquifers that profit from an extensive groundwater network for irrigation (Chauhan, Mahajan, Sardana, Timsina, & Jat, 2012) . The rice-wheat (RW) cropping system has dominated the study area since the Green Revolution. In the IGP, wheat is usually grown in the dry winter season (November-December to March-April) and rice is grown in the wet summer season (May-June to October-November) (Pathak et al., 2003) . The entire study region includes three states: Punjab, Haryana, and Uttar Pradesh. The three states together supply approximately 65% of the wheat output of India (Tyagi, Singh, Krishnan, & Verma, 2013) .
| Satellite SIF and vegetation indices
We used satellite retrievals of SIF from the GOME-2 instrument onboard EUMETSAT's MetOp-A platform and the Fourier Transform Spectrometer (FTS) onboard the GOSAT platform. The spectral range of GOME-2 is covered by four detector channels between 240 and 790 nm, and the fourth channel ranges from 590 to 790 nm with a spectral resolution of 0.5 nm and a signal-to-noise (SNR) of up to 2000. Based on the previous SIF retrieval algorithms by Guanter et al. (2012) and Joiner et al. (2013) , K€ ohler et al. (2015a, 2015b) used an improved algorithm to retrieve the SIF at 740 nm from a spectral range between 720 and 758 nm, which reduced the retrieval noise and sensitivity of the SIF retrieval to cloud contamination. Specifically, the retrieval method disentangles the contributions of atmospheric absorption and scattering, surface reflectance, and fluorescence to the measured top-of-atmosphere radiance spectra; and more details can be found in (K€ ohler et al., 2015a, 2015b) . The SIF data are quality filtered by removing pixels with solar zenith angles greater than 70°and cloud fractions up to 30%, and then the quality controlled SIF data have been gridded to 0.5°spatial resolution and 16-day and monthly temporal resolutions. We also used the SIF data at 770 nm from the Thermal And Near-infrared Sensor for carbon Observation-Fourier Transform Spectrometer (TANSO-FTS) onboard GOSAT which is retrieved from band 1 that extends from approximately 758 to 775 nm (Guanter et al., 2012) . However, due to the sparse sampling of the GOSAT SIF retrievals, the GOSAT SIF are used as only complements for the GOME-2 SIF data in this study. and calibration of the probability density functions (Pinzon & Tucker, 2014) . To reduce the effects of cloud cover and aerosol contamination, the AVHRR NDVI data were composited using the highest NDVI value over a 2-week composite period. The 16-day MODIS EVI product at 0.05°spatial resolution (MOD13C1 collection 6) was acquired from NASA (http://reverb.echo.nasa.gov/reverb/). The MOD13C1 is the Terra MODIS level 3 vegetation index product, and contains reliability and QA layers. The MODIS EVI data were quality filtered by excluding pixels contaminated by clouds or aerosols using quality flags (Solano, Didan, Jacobson, & Huete, 2010) .
The fraction of PAR absorbed by vegetation canopies that is derived from the MODIS product (MOD15A2 fPAR collection 6) was used in this work to reveal the SIF dynamics. The MOD15A2 fPAR is a standard 1-km spatial resolution product for EOS-MODIS with an 8-day temporal resolution (Myneni et al., 2002) .
| Meteorological data
The air temperature (2 m above the land surface) was obtained from NCAR data at a 6-hr temporal resolution. We rescaled the 6-hr data to 16-day and monthly temporal scales corresponding to the SIF data.
| Wheat area and yield
The annual county-scale wheat yields of the study region were taken from Indiastat (http://www.indiastat.com/default.aspx). We downloaded both district-level and province-level data and further cleaned and validated the data to make them consistent with each other. To identify wheat pixels in the study area, we used the irrigated wheat maps from the Spatial Production Allocation Model (SPAM, http://ma pspam.info) and the Land Cover Type Climate Modeling Grid (CMG) product (MCD12C1 version 051) in the International Geosphere-Biosphere Programme (IGBP) land cover type. The SPAM includes the harvest area, production and yield products for 40 crops and three management systems: irrigated, high-input rainfed and low-input rainfed. A variety of inputs and a cross-entropy approach were employed to estimate the crop distribution with a 5-arc-minute spatial resolution (You & Wood, 2006; You, Wood, Wood-Sichra, & Wu, 2014) . The MODIS land cover data in the IGBP type identifies 17 land cover classes, which include 11 natural vegetation classes, 3 developed and mosaicked land types, and 3 nonvegetated land classes (Friedl et al., 2010) . The croplands type was used here to further identify wheat-only pixels.
| Analysis
The spatial means of all aforementioned variables were calculated at three spatial scales: the entire study area, the state level, and the county level. At the county scale, the spatial mean value was calculated by using the India county boundary to obtain the extents of the counties in the study area. The inventory-based wheat yield of each county in the study area from 2008 to 2013 was used here as further validation for the SIF, NDVI, and EVI. We summed the county-level yield to obtain the yield of the entire study region. To match the spatial and temporal resolution of the aforementioned datasets, we resampled all other variables based on the GOME-2 SIF and then aggregated the SIF and CRUNCEP data into 16-day means, which are consistent with the AVHRR NDVI and MODIS EVI products.
To further explore the difference between SIF and VIs, we interpreted SIF with fPAR and SIF yield . The actual amount of SIF at the top of the canopy can be expressed as:
where fPAR is the fraction of absorbed PAR, e f is the actual fluorescence yield (defined as the intrinsic light use efficiency for SIF), and Ω c is a term accounting for the fraction of leaf-level SIF photons escaping the canopy. Here, we define SIF yield = ɛ f 9 Ω c which is the product of the actual fluorescence yield of the canopy and the fractional amount of fluorescence that escapes from the top of canopy.
Thus, SIF yield is determined by leaf biochemistry and partly by canopy structure. Ω c is usually assumed to be fairly constant for crops with relatively simple canopy structure and high leaf area index, especially when canopy structure is not changing Yoshida et al., 2015) . The SIF yield eliminates the effects of APAR on SIF and can be used to indicate photosynthetic efficiency of plants. Under clear-sky conditions of satellite overpass, we can simply attribute the variations in SIF APAR_norm as the spatial and temporal dynamics of the SIF yield as follows (Sun et al., 2015; Yoshida et al., 2015) .
where SZA is the solar zenith angle at the satellite overpass time.
SIF APAR_norm can be considered as apparent fluorescence yield which can also be used to account for the changes of plant physiological status.
3 | RESULTS Figure S1 ).
| Interannual variations in wheat yield and SIF/ NDVI/EVI
The relationship between spaceborne SIF and yield is significant and high (R 2 = 0.8, p < 0.05) at the regional scale ( Figure 2a ). This result indicates that satellite observations of SIF can explain approximately 80% of the interannual and spatial variations in wheat grain yields. The R 2 between NDVI, EVI, and yield are 0.78 and 0.72 respectively, which are slightly lower than that between SIF and yield. The difference between SIF and NDVI/EVI as a proxy for crop yield becomes evident at the county scale (Figure 2b, c & d 
| DISCUSSION
With increasing global mean temperatures, crops are at risk of being exposed to heat stress that negatively affects crop yield (Asseng et al., 2011; Lobell et al., 2012; Zhao et al., 2017) . It is therefore important to improve the monitoring and assessment of heat stress impacts on crop yields. In this study, we use the newly available spaceborne SIF measurements to monitor the heat stress on winter wheat in northwest India, which provides a new approach to understand the impacts of climate change on crop yields. components (Bannari, Morin, Bonn, & Huete, 1995; Filella, Penuelas, Llorens, & Estiarte, 2004; Hilker et al., 2010) . Another possible reason for this underestimation is the insensitivity of the VIs to the actual photosynthetic activities of crops. Thus, many previous studies have focused on using greenness-based VI metrics along with other climatology data to quantify yield variations and may underestimate the yield loss effects (Idso, Jackson, & Reginato, 1977; Lobell, Asner, Ortiz-Monasterio, & Benning, 2003; Prasad, Chai, Singh, & Kafatos, 2006; Quarmby et al., 1993; Xie et al., 2017) . On the other hand, compared with VIs, chlorophyll fluorescence originals from the photosynthetic apparatus, so the background has a smaller impact on the fluorescence signal (Baker, 2008) . In this study, we show that using satellite SIF alone, which is more directly related to the photosynthetic functioning of crops, gives a better estimation of the final wheat yield than VIs. This study confirms an earlier study by Guan et al. (2016) , which showed that using spaceborne SIF-based GPP from GOME-2 can improve the crop yield estimations in the United
|
States compared to standard VIs and other existing NPP products, and also demonstrated that SIF has a high sensitivity to environmental stresses (e.g., high temperature) through autotrophic and carbonuse-efficiency (Guan et al., 2016) .
Within the study area, the 2010 heat stress period lasts for around 2 months from March to April, which corresponds to the wheat grain-filling and harvesting stages. The grain-filling period will determine the crop's individual grain size and has a great influence on the final yield (Guan et al., 2017; Lobell et al., 2012) . High temperatures during this period can result in decreases in grain weight at maturity and has an adverse effect on wheat productivity (Ward- Due to the sensitivity to canopy structure and pigment content (Garbulsky, 2013) , a large number of previous studies have focused on the estimations of plant pigment concentrations or vegetation productivity using greenness-based VIs (Beck & Goetz, 2011; Blackburn, 1999; Gamon, Kovalchuck, Wong, Harris, & Garrity, 2015; Gitelson & Merzlyak, 1998; Sims & Gamon, 2002) . However, only a few studies monitored the rapid changes in plant photosynthetic activities induced by flash environmental stress. In contrast, as a good proxy of the actual photosynthetic activities in plants Sun et al., 2017) , satellite SIF has been shown to nicely track the impacts of water stress or drought on various vegetation types (Guan et al., 2015; Lee et al., 2013; Sun et al., 2015; Yoshida et al., 2015) . Extending upon these studies, we find that spaceborne SIF can be used to monitor heat stress in wheat crops in near real time at large scales, and SIF can detect earlier and more pronounced responses to heat stress than NDVI and EVI. This result is consistent with previous studies, which showed that the vegetation indices appear to lag by half a month after the changes in temperature and precipitation (Wang, Rich, & Price, 2003) . Since the GIMMS 3 g AVHRR NDVI data are not fully atmospherically corrected, a Maxi- SIF MVC indicate earlier and more pronounced responses to heat stress than AVHRR NDVI, and the wheat growing season mean calculated from SIF MVC can also capture the 2010 yield loss due to heat stress. It should be noted that the MODIS EVI is derived from atmospherically corrected reflectance, and then based on the product quality assurance metrics and constrained view angle approach to generate the 16-day composite data. Thus, the processing method of MODIS EVI is similar to the original GOME-2 SIF. Both the original SIF and SIF MVC indicate an earlier and more pronounced response to high temperatures than MODIS EVI.
| Improved understanding on the responses of crops to heat stress
From the temporal and spatial results of fPAR and SIF yield , we have gained a better understanding of the mechanisms of the 2010 heat stress, and have also been able to attribute the SIF responses under heat stress conditions to a certain extent. In the early stage of this heat stress, the VPD increases, which results in stomatal closure and the decline of both CO 2 uptake and the photosynthetic functioning of wheat in the study area (Dai, Edwards, & Ku, 1992) (Figure 4d & Supporting Information Figure S4 ). Experimental studies on the ground documented that when plants were exposed to high temperatures even for a short time, the photosynthetic rates showed remarkable declines, especially in terms of the PSII activity (Al-Khatib & Paulsen, 1990) . At the site scale, vegetation fluorescence was shown to be effective in detecting the decline in the plants photosynthetic capacity (Louis et al., 2005; Sobrino, 2002) . In this study, we extend this research to a large scale, and investigate the relative contribution of fPAR and SIF yield to the SIF reduction under extremely high-temperature conditions. We find that there is a small change of fPAR along with NDVI, but the real change in SIF yield may suggest that most wheat crops in the study area remain green while their photosynthetic capacities decrease during the early stage of this stress. SIF and SIF yield show decreases earlier than NDVI and EVI. This suggests that SIF can be extended from the site scale to a larger scale to monitor the changes in the actual photosynthetic activities of crops. Similar results were also found in the 2010 Russian drought revealed by GOME-2 SIF and MODIS NDVI, in which Yoshida et al. (2015) found that SIF normalized by PAR decreased rapidly as compared with the NDVI during the senescence stage across various vegetation types. It should be noted that wheat canopy structure may also change under high stress levels, and hence the constant assumption of Ω c is not reliable. In this case, the reduction of SIF yield may also be partly attributed to the changes of canopy structure. Thus, SIF escaping probability due to reabsorption of SIF and canopy structure should also be considered in future studies when interpreting SIF yield .
The larger negative anomalies of SIF compared to NDVI and fPAR during the 2010 heat stress period suggest that there are decreases in both the photosynthesis capacities and greenness of wheat crops, and the decline of the latter can be reflected by both SIF and VIs. The combined decreases of wheat photosynthesis and greenness lead to the more pronounced response of SIF reduction to this heat stress and ultimately the reductions of wheat crop yields in this region. One specific reason for this reduction in yield may be the earlier senescence of physiology that is caused by the extreme high temperatures during the grain-filling stage, which lead to a shortened of the wheat growing season (Supporting Information Figure S1 ). This ultimately results in the reduction of the final kernel weight, a key determinant of the yield (Dias & Lidon, 2009 ). This finding is consistent with previous studies. Lobell et al., 2012 found that extremely high temperatures had a strong effect on the wheat growing season length (GSL) in IGP area and could result in a shorter GSL (Lobell et al., 2012) . Joiner et al., 2014 compared GOME-2 SIF and tower-based GPP, and the results indicated that satellite SIF data achieved similar performance at detecting the shortened GSL at an agricultural site in Nebraska as the GPP measures on the ground . The shortened GSL of wheat due to high temperatures indicates that some suitable management strategies, such as altering sowing dates or harvesting dates to avoid the high temperatures, can reduce the effect of heat stress on crops (Gourdji, Sibley, & Lobell, 2013) .
| Implications for the monitoring and assessment of heat stress impacts on crops
Sustainably producing more food is a global challenge. This task is daunting as less land is available for agricultural exploitation and the temperatures and frequencies of droughts are increasing (Foley et al., 2011; IPCC 2014; Tilman, Balzer, Hill, & Befort, 2011) . Agricultural adaptation requires accurate and timely crop monitoring in response to warming, especially with an increase in global temperature and frequency of extremely high-temperature events (Gourdji et al., 2013) . In this paper, we demonstrate that satellite SIF observations have much better ability to detect and track the 2010 heat stress than the widely used greenness-based VIs over the intensely managed wheat regions in the IGP, the food bowl of India. This finding highlights that the new spaceborne measurements of SIF can be used as early warning tools for stress detection in large agricultural regions before harvest, particularly during the grain-filling stage when photosynthesis is sensitive to climate factors. However, considering that the current available instruments were not primarily designed for SIF retrievals and the associated uncertainties of the retrievals, further in situ field measurements of SIF and controlled experiments are needed to strength our understanding of how biochemical mechanisms and environmental factors control SIF (Miao et al., 2018; SchlauCohen & Berry, 2015) .
Our results could have a range of implications for both research and policy. First, accurate and timely monitoring of heat stress at large scales could better enable the evaluations of their impacts on wheat yields. As there are lags in the response to heat stress from the greenness-based VIs (Wang et al., 2003) and uncertainties in crop models (Asseng et al., 2015) , SIF can be an independent tool to monitor and assess the impacts of warming on wheat production in a timely manner. In particular, more accurate evaluations of the impacts of heat stress could be conducted by improving the spatial and temporal resolution of the satellite SIF in the near future. Second, the ability to detect wheat senescence to heat stress over a large scale and in a timely manner could help policy-makers or farmers target appropriate mitigation strategies during the critical grain filling stage. Field experimental studies have shown that irrigation managements that match with the grain filling stage can offset the heat stress impacts on wheat in Haryana, India (Gupta et al., 2010) .
The earlier detection from SIF could provide insights for adaption for agricultural practices. As indicated by SIF, the wheat with earlier sowing dates in Punjab in the northwest of the study area suffered from fewer losses, but the wheat in the central part of the study area experienced more losses, which suggest that climate smart agricultural (CSA) practices such as zero-tillage can also compensate for the impacts of heat stress on wheat to some extent (Campbell, Thornton, Zougmor e, van Asten, & Lipper, 2014 . Thus, incorporating satellite SIF data into crop models may provide better constraints to phenology simulations, and further improve the modeling of crops' response to climate change.
In the IGP during wheat growing period, extreme high temperatures usually occur in March and April. Thus, advancing the planting time can make wheat key growing phase escape the extremely hightemperatures period and avoid yield penalty due to heat stress. However, when the temperature increases in the cropping regions exceed a certain threshold (3.5°C higher than the multiyear mean value in this study), this method will be less effective. Thus, more adaptation strategies need to be implemented, such as breeding new wheat varieties that have a higher tolerance to warming temperatures. Finally, the spatial and temporal patterns of the effects of heat stress that are captured in the satellite SIF data, especially the physiological response to warming, provide a useful new dataset that can be used as a benchmark for the widely used crop models (Asseng et al., 2013 For future applications, improved SIF datasets would be needed at better spatial and temporal resolution, even at the subdaily scale.
Higher spatial and temporal resolution SIF products are anticipated from several new satellite instruments such as TROPOMI with a high spatial resolution of 7 9 3.5 m 2 at nadir (successfully launched on October 13, 2017 on board the Sentinel 5 (Guanter et al., 2015) ), the NASA TEMPO instrument (to be launched in 2019, (Chance et al., 2013) ), the ESA Sentinel-4/UVN instrument (to be launched in 2019, (Stark et al., 2012) ), and the GeoCARB instrument (Rayner, Utembe, & Crowell, 2014) . The current SIF data employed in this study are measured by GOME-2, which has a morning overpass time, future satellite missions such as the launched TROPOMI (the overpass time is 13:30 at local time) will improve the monitoring of heat stress in plants. Although more satellite instruments capable of generating SIF products at higher spatial and temporal resolution will be launched in the near future, SIF product availability has a large delay after the satellite data acquisition. Thus, it will be essential to further improve processing algorithms and data distribution so that the SIF product latency to the user community can be reduced.
In summary, this work shows that spaceborne SIF can be an effective tool to monitor heat stress in wheat crops across the Haryana-Uttar belt in India. The high correlations between SIF and the yield at both large and small scales demonstrate that spaceborne SIF can be a good proxy for crops yields. In addition, spaceborne SIF and SIF yield show earlier and more pronounced responses to extreme high temperatures than the greenness VIs, which indicate that satellite SIF observations are sensitive to both the structural and physiological variations of plants and can be used to monitor the heat stress on crops at near real time over a large scale. The various wheat losses induced by heat stress in Punjab and the central part of the study region suggest that the earlier sowing dates resulting from the zero-tillage of the CSA in India can offset the influence of heat stress to some extent. However, with the continuing increase in global warming and extreme events, better strategies need to be implemented to further reduce the temperature-induced yield loss.
